A new approach to simulate the mass failure process in riverbanks is developed and verified by experimental work. Both planer and circular failure modes can be expressed by this approach. The proposed approach is capable of distributing the collapsed bank material. Failure mechanism of riverbanks is described, failure plane is determined, shape of collapsed material is proposed, and travel slide distance is estimated. Eight experimental cases were conducted to investigate the processes of mass failure that follows the hydraulic erosion of an artificial riverbank with different heights and slopes. Deformations, developed cracks, plane of failure, and shape of deposited material were recorded. It is watched from experimental results that there exist many cracks are developed and thus many planes of failure are found, while in numerical simulation only one failure plane exists. The difference between simulated and experimental results may return to the large deformation of collapsed bank material which can't be simulated by simplified assumptions. Further improvements to the proposed approach are needed.
INTRODUCTION
Processes of hydraulic erosion and mass failure govern the riverbank deformation and the lateral channel migration. Collapsed bank material directly causes the increase of sediment concentration and considerable channel evolution in a short time. The collapsed material from riverbank is transported or deposits at the bank toe as intact blocks or deposit on the bank surface if the slope is mild. The collapsed bank material can also be broken into several smaller pieces depending on the height of the bank 1) . Bank material added to the channel following geotechnical failure is not eroded immediately by the water in the channel. Instead, it is often deposited near the bank toe and provides temporary "protection" from further bank erosion.
Many failure mechanisms are possible and the likelihood of failure occurring by any particular one depends on the height, geometry and structure of the bank, the engineering properties of the bank material, the hydraulics of flow in the channel and climatic conditions 1) .
Thorne and Tovey 1) present a conceptual model of the failure processes on composite river banks with clearly differentiated layers. Overhangs or cantilevers are produced when the lower layers were preferentially eroded at higher rates than the above layers. These overhangs subsequently failed in shear, beam (toppling) or tensile modes to deliver sizeable blocks of material to the lower bank zone.
They stated that failure surfaces in alluvial banks are seldom circular. In analyzing the stability of cohesive banks, it is important to take into account the weakening effect of tension cracks. Tension cracks can develop downwards from the ground surface some distance behind the edge of the bank because of tensile stress in this region. The maximum depth to which they may develop can be predicted from the engineering properties of the soil. Osman and Thorne 2) developed a stability analysis for low, cohesive banks subject to slab-type failure. They showed that it is possible to predict the critical height for mass failure as a function of the initial geometry of the bank, the amount of toe scour and over-steepening, and the geotechnical properties of the bank material. Darby and Thorne 3) further developed the Osman-Thorne model to include the effects of confining pressures during high-flow stages, and positive pore-water pressures during rapid drawdown in banks vulnerable to slab-type failure. Hasegawa 4) presented a failure model for non-cohesive material, where the slope of the deposit is inclined with the angle of repose. He distinguished the bank between a submerged part and a part above the water surface. The influence of negative pore-water pressure is considered. Therefore, the bank above the water level is inclined with a larger angle than the angle of repose.
Lai et al. 5) coupled a 2D depth averaged model with bank stability and toe erosion model. They considered the collapsed bank materials to be placed in an invisible "tank" that is available for hydraulic erosion. When the bank erosion module is executed, the material in the tank is preferentially eroded and erosion of the bank face only occurs when the material in the tank is completely removed. This approach explicitly accounts for the protection afforded by the failed bank materials.
Fujita et. al. 6 ) presented a conceptual model for erosion processes for high riverbanks. They analyzed the movement of failed soil mass by the simplified Junbu method and the Newton's second law of motion. Other approaches to model the collapsed material at the bank toe were investigated by Pizzuto 7) , and Darby et al. 8) .
From the previous review, we conclude that the collapsed bank material can improve the stability of the bank by reducing bank height and slope. In addition, accumulation of collapsed bank material at the bank toe pushes the high flow velocity zone away from the bank, protecting the bank from fluvial erosion. Few studies investigate the mass wasting of riverbank after collapse and implement only simple special methods. Some other studies assume that the collapsed bank materials disappear and neglect its effect which is found to improve the bank stability for a while. Bank geometry should be updated accurately after mass failure, since the bank geometry exerts a considerable control on the distributions of depth and roughness in the near bank zone, which in turn significantly influence the hydraulics and sediment transport process form interactions in the basal region. The distribution process of collapsed bank material has not been well understood and requires more investigation.
The specific objectives of this paper are: 1) Introduce an approach to model the collapsed material in cohesive and semi-cohesive riverbanks, 2) Assess the proposed approaches by comparing its outcomes with experimental results.
MODELLING PROCEDURE
Four calculation steps are made to obtain the riverbank shape after failure: (1) calculation of the lateral fluvial erosion distances, (2) calculation of the pore water pressure and seepage flow, (3) check the stability of the riverbank, and finally (4) calculation of the new bank profile after mass wasting (i.e. the volume and shape of the collapsed bank material), Fig. 1 . Details of fluvial erosion, seepage flow and stability models can be found in the refernces 9), 10), 11) and those models are not explained here since they are beyond the scope of this paper. We here focus on the details of mass wasting model. 
MASS WASTING APPROACH
After collapse, geometry of the riverbank can be obtained based on the following assumptions and steps:
Step.1: Get the plane of failure, Fig.2 -a which is determined automatically through the zones within the soil mass in which the soil shear strength is unable to resist the applied shear stresses.
Step.2: Define the center of rotation, point "O" Fig.1 -a assuming the failure plane (line a-d) as a part of a circle for simplicity. Failure plane is represent by the line passing through the middle zone which separates the zone of large displacement and that of small displacement obtained from the stability model 11) . Point "O" is the center of the circle passes through the three points a,d, and any other arbitrary point on the failure plane.
Step.3 Rotate the collapsed mass "abcd" around point "O" with a small angle  as shown in If the failure plane is nearly straight line, it can be considered as a circle with infinite radius. The sliding mass tends to move parallel to the failure plane so we can consider the planner failure is a special case from rotational failure mode. From now on, the definition of rotational or planner failure depends mainly on the shape of the failure plane.
Step.4: It is assumed that collapsed material becomes loose and turned into small separate pieces (crumbs) that rest at the submerged angle of repose ( s ) under water surface (represented by line "LM") and at the emerged angle of repose ( e ) above water surface (represented by line "LK", "L" is a point moves along the water surface level in the river). Values of stability angles ( s ), ( e ) for a given material can be determined experimentally 12) . The line "KLM" is moved to the left with a very small distance ∆ to bisect the mass "abcd".
To get the final shape of the new riverbank, the following two conditions must be satisfied for each position of the line "KLM": = × ; (1) FOS ≥ 1.0 (for the remaining volume, )
Where : volume of failed sediment, : volume of deposited sediment, is factor considering porosity change and is assumed =1.0 in this study, : volume remained on the plane of failure and it should be stable by the effect of friction force (F r ) developed on the plane of failure. The simplified slices method is used to calculate the FOS in the second condition. If both the two conditions are satisfied, then the new bank geometry is defined to by the line "KLM". If the above two conditions are not satisfied, then re-rotate the part "abcd" and redo steps 3, and 4 until the two conditions are satisfied.
In the above approach, it is assumed that the bank height is not high enough to generate a mass flow so the velocity and the generated momentum of the collapsed mass can be neglected. The mechanical properties of the collapsed bank material differ from the original bank material, (unit weight, shear strength parameters, hydraulic conductivity, erodibility parameters,…. etc.) but in the current study we consider them to have same properties as the original bank material.
EXPERIMENTAL SET UP AND PROCEDURE
Eight experimental cases were done to 1) investigate the effect of bank height and slope on the failure mechanism and shape of failure in riverbanks, and 2) to verify the results from the mass wasting approach. The experimental flume is composed of bank and channel parts. The bank part is 15 cm width, 100 cm length, 65 cm height and contains the bank material, the channel part produces the flowing current that hydraulically erodes the bank material, as shown in Fig.3 .
Slope angles of 45, 60, 75, and 90°and bank height of 35, and 62.5 cm are tested in the experiment. Silica sand (S6) was used as the bank material. Sand was mixed at 10% moisture content and placed in the flume box by hand prior to cutting to the required geometry and height. Although this sand is a non-cohesive material it can exhibit some cohesion with moisture due to the fine particle size which can allow banks to stand at steep angles. However, truly non-cohesive banks are rare in natural channels. Usually, even banks formed in coarse materials exhibit some operational cohesion due to the binding effects of vegetation roots and effective cohesion I_807 introduced by pore water suction 13) . The mechanical properties and grain size distribution curve of the bank material are shown in Fig.4 . Value of effective cohesion of the used sand was determined from stability model by checking the stability of riverbank at the moment of failure using a wide range of values. The value of effective cohesion is the one which corresponds to FOS ≈ 1. Values of C u was found to range from 2.4 ~2.5 / 2 for the cases of riverbank with height 62.5 cm. While =0.95 ~ 1.05 / 2 for the for the cases of riverbank with height 35 cm. The effective cohesion considers both the apparent cohesion of soil plus the effect of friction between walls and the soil. Sand with 62.5 cm height has a bigger friction area with side walls than the sand with height 35 cm has. For this reason, we notice that for higher bank is greater than that for lower bank.
Experimental procedure is as follows: 1) Place the sand in the bank part and form the height and slope of the riverbank. 2) Fill the channel part using pump-A until the required water level is obtained. 3) Wait until water level in the seepage tank reaches the steady state and hence there is no flow by seepage during the experiment (the lower bank part is saturated). 4) Stop pump-A and turn on pump-B to let the flow passes through the submerged eroding jet-pipe as shown in Fig.3 . Since the channel part is perpendicular to the bank part, the flow cannot generate any fluvial erosion on the bank. We designed an eroding jet-pipe to produce fluvial erosion at the bank toe. Shear stresses on the bank surface caused by the jet are not measured hydraulically, but the erosion progress is monitored with time. Current paper aims to relate the failure event to the erosion progress. Relating the erosion progress to the hydraulic conditions is beyond the scope of this study. 5) Two digital video cameras, at front and top sides, were used to capture the fluvial erosion progress, and to record the development of cracks and the plane of failure, and finally the shape of collapsed bank material. 6) Post-processing of recorded videos gives a complete picture on the failure mechanism in each case. Fixed images just before failure explain the development of cracks while images at failure show the failure plane. Shape of collapsed bank material is clarified by images taken just after failure. Failure event, in this paper, is defined as the removal of a part of the bank topline. Local failures such as detachment of bank material as individual grains (blocks) or collapse of all or part of the bank far from the bank topline is not considered as a failure event.
RESULTS AND DISCUSSION
Fixed photos captured just before failure and 1~2 seconds after give the initiated cracks marking the failure plane and deposition shape. Simulated plane of failure and modeled bank shape after collapse are shown along with the experimental results in Fig.5 (1) Erosion processes and failure mechanisms: Three processes were observed:
1-Hydraulic erosion process caused by the jet-pipe: detached sediment particles were removed away from the channel bed and the bank toe. the stable bank part under the water surface rests at the submerged angle of repose which was measured and found to be 30°as shown in Fig.5-a , except for case C4 because mass failure occurs quickly before the lower part reaches the stable condition.
2-Local mass failure process: local failure (collapse of small blocks approx. 5cm in diameter) occurs by tensile failure mechanism at nearly horizontal (b) plane at some height above the bank-water contact point. The region above that contact point is saturated by the capillary action and loses its cohesion and strength. Local collapse occurs when the tensile stress due to the saturated block weight overcomes the tensile strength of soil mass. Local failure was observed in all cases. In some cases, local failures occurs by shear on vertical plane then vertical free fall of soil block as observed in case C6, Fig.5-a. Hydraulic erosion and local mass failure are the main reason for the progress of undercutting and the formation of overhangs as observed in all cases.
3-Main mass failure process: deformation and development of cracks was observed. Cracks develop downwords from the bank topline some distance left to the bank edge because of tensile stress in this region. Initiation of cracks reduces the effective length of the potential failure surface and decrease bank stability. Overhanging part collapses by beam failure mechanism where a block rotates forward about a horizontal axis somewhere in the block. Above the axis, failure is in tension and below it is in compression. Failure occurs because the moment of the weight of the block about the neutral axis overcomes the resistive moments of the soil's strength in tension and/or compression.
In banks with =45, 60, and 75° cracks are nearly vertical while when =90° (vertical banks), cracks are slightly sloping and are formed perpendicular to the direction of tension stresses. In most cases, main mass failure occurs when crack depth reaches nearly half the height of the bank above WSL, Fig.5-a .
No mass failure occurred in case C5. Only hydraulic erosion and local failure were observed. This is because the eroding jet pipe affects only the toe part of the bank where the height of the formed overhanging is small as the bank has a mild slope (45°). So, no much sediment was removed and the bank still stable.
(2) Simulated and experimental plane of failure
Shape of the bank just before failure and water level are considered as the initial conditions for stability model. The red line in Fig.5-a represents the the simulated plane of failure. By comparing the dirction of the developed cracks in the experiment with the failure plane in Fig. 5-a, we find big difference in all cases. Simulation doesn't consider the tension cracks and doesn't consider the large deformation either. Simulated failure planes are nearly straight planes and only one plane while in the experiment there might be more than one crack is developed as in case C4, Fig. 5-a. (3) Simulated and experimental collapsed bank material The collapsed bank material is segregated immediately into its constitutive sediment fractions and the failed block behaves in one of, or a combination of, three ways: 1) slide intact along the failure plane as observed in cases C6, C7. 2) Rotate towards the channel until initial impact with the bank toe or channel bed as watched in cases C1, 2,3, and 4. In case C8, the soil block rotates and rebound and rests at far distance from the toe because the bank is slightly high. So, the higher the river bank is, the farther the failed soil mass moves. 3) Freefall vertically until impact with the channel bed as watched at the local failure in case C6.
The red line in Fig. 5-b represents the simulated shape of riverbank and is obtained after applying our mass wasting approach. In cases C6, C7 where the mass slides, the simulated shape of riverbank agrees to some extent with the experimental bank slope.
Our observations match, to some extent, with Thorne 1) who stated that cohesive banks often fail along a discrete surface deep within the bank. This is because in cohesive materials the shear strength increases less quickly than shear stress with depth. After failure, the bank is stable in its new configuration and it remains so until the accumulation of failed material is removed by the flow and the bank is again eroded. Then the upper bank fails again. Hence the frequency of failures and the time averaged rate of bank retreat are determined by the degree of fluvial activity at the bank base.
Regardless to the initial bank shape and edge slope, the bank shape after collapse is nearly vertical and the retreat continuous in the same trend in the successive failures.
Sliding forms a gentle slope and most of the collapsed material rests on the plane of failure as in case C7, while the toppling,(overturning) makes the whole bank edge to fall in the water as in case C8, then washed away. So it is expected that banks that collapse in the toppling mode retreat faster than those which retreat in the rotational mode.
(4) Difference between simulated and experimental results. Note that the non-uniform soil properties as well as possible excess pore water pressure were not considered in the analyses. Factors such as vegetation, water table, surface runoff and seepage are also not considered directly, though they may be accounted for by calibrating the soil property values.
CONCLUSIONS
A method to simulate the mass failure of the complex bank geometry is developed and verified by experimental work. The geometry of the failure plane can be reproduced well; however, there is some difference between simulated and experimental results because of the large deformation of collapsed bank material. Deposition shape of collapsed bank material can't be well predicted by simple assumptions. Some researchers assume that the collapsed bank materials disappear, however the deposition process of the collapsed bank material is considered in this study. This is the main merit of our method. Both planer and circular failure modes can be expressed by our approach. The Planer sliding straight surface can be considered as a part of circle with infinite radius. From the numerical analysis in the stability model, regions of tension shows tendency to beam failure (topple) while regions for shear stresses shows sliding failure mode. Further improvements to the numerical model are needed. It was noticed that from experimental results that there are many planes of failure , while in numerical simulation only one failure plane is found. ACKNOWLEDGMENT: First author would like to acknowledge the financial support from the JICA-JST project: Research Project on Disaster Prevention/Mitigation Measures against Floods and Storm Surges in Bangladesh.
